Acridine orange (AO) is one of a number of dyestuffs which aggregate in aqueous solution. It is thought that these flat, aromatic dye molecules aggregate by stacking on top of one another, and are held together by London dispersion forces between their 7r-electron systems. The argument for aggregation in the case of AO rests upon a quantitative analysis by Zankerl of the variation in the dye spectrum with concentration and temperature. As the dye concentration is increased, the absorption band (at 492 my) of the monomer falls and is replaced by a new band (at 464 m~i) due to dimers. With further increases in concentration this band shifts further toward shorter wave lengths, corresponding to the formation of higher aggregates. Zanker showed that these changes could be quantitatively expressed in terms of an association equilibrium constant, corresponding to a free energy decrease in forming a dimer of 5.7 kcal/mole.
Wien AO is used to stain certain polyanionic tissue elements or is mixed with the polyanions in dilute aqueous solution, the color either of the monomer or of the aggregates may appear, depending upon the particular polymer involved and the relative amounts of polymer and dye. The appearance of more than one color in tissue stained by a single dye was termed metachromasy by Ehrlich. Michaelis2 proposed that metachromatic dyes are able to aggregate when bound to the surfaces of polyanions just as they do in solution. He explained the color changes observed when the relative amount of polymer is decreased as being equivalent to those accompanying the concentrating of dye in solution: with a large excess of polymer the dye spectrum contains only the monomer, or a, band. As the amount of polymer is decreased and the dye molecules are crowded onto a smaller surface area, the a band falls and the dimer, or fl, band appears. . This series of spectra shows the transition from the Complex I--y band to the Complex II-a band brought about by increasing the relative amount of polymer to which the dye is bound. As the number of polymer sites per dye is increased from 1 to 33 and 76, the -y band falls and is replaced by a sB band, which in turn is replaced by the a band at still higher polymer concentrations. Heparin produces a similar array of spectra, but the number of sites per dye required to produce any given spectrum is much greater than for Poly U.
amounts of polymer and dye Complex I type spectra predominate. It is also necessary to assume that the Complex II sites bind more strongly so that with considerable polymer excess, when there are a sufficient number of Complex II sites available to bind all the dye, the Complex II type spectra will predominate. In their most recent publication' these authors are careful to point out that this model is to be considered only as a possible alternative to the model involving nearest neighbor interactions. They feel that it is not at present possible to decide conclusively between these two alternatives on the basis of their published data.
We have examined the spectrum of AO when mixed with seven different polymers, over a wider range of polymer to dye ratios than Michaelis, and over a wider range of ionic strengths than Beers and Steiner. Under these conditions, in contrast to the observations of these previous workers, we have observed ,B and/or 'y bands in mixtures containing one dye per binding site, and a bands in mixtures containing many binding sites per dye, for all seven polymers. An additional new finding is that the number of excess polymer sites required to develop the a band of AO varies widely from polymer to polymer: the band is about one-half developed in desoxyribonucleic acid (DNA) with 6 sites per dye whereas with polyphosphate 1600 sites per dye are required. In order to explain in detail all of the present findings in terms of the model of Beers and Steiner, a number of ad hoc hypotheses as to the types of sites available, and the relative numbers and binding strengths of each type of site, are required in each case. On the other hand, all of the findings may be interpreted quantitatively in terms of the aggregation theory with the introduction of a single new concept.
This new concept is based on the aforementioned observation that although all of the polymers exhibit a, /3, and/or y bands, the number of sites per dye required to develop the a band differs from polymer to polymer. This may be seen in Figure  4 in which the extent of development of the a band of Complex II is plotted against the number of polyanion sites per dye (P/D), on a semilog scale, for the various polymers. All of the polymers thus appear to stack the dye molecules but differ in the extent to which dilution by excess binding sites tends to unstack them. These differences bear a close similarity to the variations in the effect which dilution exerts on the unstacking of AO aggregates (in solution in the absence of polymer) which may be brought about by changes in the ionic strength or temperature of the medium. Such changes in solution are reflected by changes in the association constant of the dye. By analogy we wish to introduce a numerical parameter, the dye-stacking coefficient, to express the characteristic tendency of a polymer to promote the reversible association, or stacking, of dye molecules bound to its surface.
The analogy between the stacking of dyes in solution and polymer-bound is not complete because molecules in solution are free to occupy any volume element whereas the polymer-bound molecules are constrained to occupy positions on the binding sites. This constraint also limits the maximum concentration of bound molecules to that state in which each site is occupied by a dye molecule. As a consequence of these differences the equilibrium constant expressions developed for solution chemistry are not directly applicable to the case where molecules may occupy only a finite number of binding sites arranged in a regular array. However, since the number of sites and dyes may be counted, the problem may be treated by probability theory. An equation has been developed from statistical postulates which is analogous to an association constant expression. This stacking equation expresses the fraction of Complex II (unstacked molecules) as a function only of the concentration of dye on the surface of the polymer (dyes per site) and the dyestacking coefficient. The solid curves in Figure 4 show the fit of this equation to the experimental data. Table 1 . Experimental values of F are calculated from spectral data using equation 2, at measured ratios of polymer to dye.
Experiments were carried out with AO (National Aniline Co.) recrystallized as the free base from methanol/KOH/water. All solutions of dye and polymers were routinely buffered at pH 6.7 with M/1,000 cacodylate buffer. Experiments at higher ionic strengths were carried out in 0.1 M and 1.0 M NaCl at pH 6.7 in the M/1,000 cacodylate buffer, and at lower pH with M/1,000 acetate-acetic acid buffer, pH 4.9. Absorption spectra were measured at room temperature (220C) from 220 to 550 m/ with a Model 14 Cary recording spectrophotometer. Spectra of the free dye and of dye plus polymer were obtained by serial addition of increments of polymer solution to a fixed amount of dye in a stoppered cuvette. Polyadenylic acid (Poly A) and polyuridylic acid (Poly U) were synthesized in this laboratory using polynucleotide phosphorylase isolated from Azotobacter vine-landii.8 Ribonucleic acid (RNA) from mouse ascites tumor cells was a gift of Dr. John S. Colter. Salmon sperm desoxyribonucleic acid (DNA) (California Foundation), heparin (Lipo-Hepin, Darwin Laboratories), and sodium polyphosphate glass (Poly P) (Monsanto) were obtained commercially. Dye and polymer solutions were prepared from weighed amounts except for heparin, and the concentrations of the polynucleotide solutions were checked by comparing extinction coefficients with known values.
The spectrum of free AO in dilute solution (2 X 105 M) is shown in Figure 1 . When polymer is added to this solution the spectrum changes in a continuous fashion as dye molecules are adsorbed to the polymer, until one polymer site has been added for each dye molecule. Beyond this point further additions of polymer cause spectral changes which are much more gradual and which are in the opposite direction. There appears therefore a sharp break in the mixing curves at the 1: 1 point which serves to define Complex I and its spectrum quantitatively. The ratios of polymer charged groups per dye molecule at which this break appears are shown in Table 1 as calculated by independent measurements of polymer and dye PID (a = ,) is the FID at which the a and P bands are of equal height. k is the stacking coefficient. a, j6, and Sy max are the wave length maxima in may of the a, 13, and y bands. EI and ElI are the molar extinctions of complex I and II, respectively, at 492 mp for poly P and 504 my for all other polymers. PID (max a sup) is the PID at which the a band is maximally suppressed, as calculated from the molar extinction coefficients of the polynucleotides, and the weights of heparin and poly P used.
concentrations. The 1:1 stoichiometry is particularly good in the cases of the polynucleotides where the polymer concentrations were accurately known. At higher ionic strengths the sharp break at 1: 1 was not obtained and the spectra behaved as if the binding of dye to polymer were incomplete. The dissociation of dye-polymer complexes at high ionic strengths has been described previously.3 As this effect tended to obscure the stacking effects, the work referred to below was carried out at A= 1/1,000. Since the a band corresponds to monomers and the /3 band to dimers, the state in which the a band and /3 band are of equal height approximates the condition in which half of the dye molecules are dissociated into monomers. The number of binding sites per dye required to obtain this condition is thus a measure of the tendency of the polymer to promote dye stacking. The polymers examined have been ranked according to this measure in Table I . A further strong argument in favor of the aggregation theory is that this measure of stacking tendency is correlated with the spectra of Complex I. Those polymers which exhibit y bands, indicating a tendency to favor tall stacks, in general show higher stacking tendencies as measured by this completely independent method.
The Xmax and extinction coefficients of the a bands are given in Table 1 . In all cases except Poly P there is a small bathochromic shift of about 10 mM from the a band of AO in solution. Similar bathochromic shifts have been described by Michaelis2 for toluidine blue, and by DeBruyn and co-workers9 for a large number of cationic dyes, both metachromatic and normal. These workers attribute this shift simply to the binding of dye to the polymer site and not to dye-dye interaction on the polymer surface.
In developing a quantitative theory to account for the shift from the /3 and -y band spectra of Complex I to the a band spectra of Complex II we shall start from the assumption that a dye molecule bound to a linear polymer site aggregates with, or stacks onto, only those dye molecules on adjacent polymer sites. If both adjacent sites are empty the molecule cannot stack and is therefore a "monomer" exhibiting the a band spectra of Complex II. When every site is occupied by a dye molecule all dyes are stacked and the spectrum consists of pure , / and oy bands of Complex I. As the amount of polymer is increased empty sites become available. Since the dye molecules will tend to distribute themselves evenly among all of the available sites, some of them will occupy sites without neighbors, so that a mixture of Complex I and II results. As the number of empty sites is made very large virtually all of the molecules occupy sites without neighbors and a pure Complex II spectrum is observed. These changes are shown diagrammatically in Figure 3 .
Suppose the distribution of dye molecules among available sites were completely random. Then, from probability considerations, it can be shown that the fraction, F, of unstacked dye molecules (Complex II) would be related to the ratio, P/D, of the number of polymer sites to the number of dye molecules by equation (1).
In Figure 4 , F is plotted against P/D for equation (1) (curve labeled K = 1) and for the experimental data. The experimental values of F were computed from the molar extinction coefficients (at the Complex II maximum) of pure Complex II, (E11), pure Complex I, (El) , and the solution having a given P/D, (E) by equation (2) . F E -E1 (2) ElI El Equation (2) is equivalent to that used by Zanker in calculating the degree of association of AO in solution, and assumes the presence of only the two species Complex I and II.
It is striking that all of the experimental curves are similar in shape to the curve of equation (1) but are displaced to higher P/D's: the fraction of stacked molecules is always greater than predicted by equation (1). This demonstrates on an absolute numerical basis that dye molecules are not randomly distributed among the available sites but prefer to occupy sites adjacent to one another, where they are stacked. This preference may be treated quantitatively by supposing that the probability, P(1), that a dye molecule will occupy a particular site with a nearest neighbor, is greater than the probability P (2) , that it will occupy a particular site without a nearest neighbor. The ratio P(1)/P (2) is thus a measure of the inherent tendency of the dyes to stack which is independent of the relative numbers of sites and dyes. This ratio, P(1)/P (2), is the quantity which will be referred to as the stacking coefficient, and by assuming that it is a constant, k, an equation may be developed from probability considerations relating k to P/D and F:
Although the derivation and properties of equation (3) will be treated in detail in a separate communication, it can be readily shown to satisfy a number of intuitively obvious conditions. When each polymer site is filled (P/D = 1) all molecules are stacked (F = 0). As the number of sites becomes very large (PjD-.. ax) all molecules become unstacked (F --1). When there is no preference for adjacent sites (k = 1) equation (3) reduces to the random distribution equation (1). When there is preference for adjacent sites (k > 1) the amount of dilution by empty sites (P/D) required to achieve a given degree of unstacking (F) is greater than for the random distribution. It might also be mentioned that equation (3) was developed for a polymer of infinite chain length. End effects in polymers of finite length will result in an increased number of unstacked molecules, so that experimental F values for finite polymers will lie above the stacking curves of equation (3).
In Figure 4 the solid lines are curves of equation (3) fitted to the experimental data at F = 0.5, and in Table 1 are listed the k values of the polymers corresponding to these curves. It should be noted that the polymers fall into the same order whether ranked according to k or the a and fi band method previously described. The good fit of the experimental data to the equation, with the possible exception of Poly A (basic), and the wide range in magnitude of k, suggest that k may prove to be a useful new parameter for the characterization of polyelectrolytes.
A variety of factors may determine the effect which a particular polymer has upon the stacking tendency of dyes bound to its surface. Among these factors could be the extent to which the cationic charge of the dye is neutralized, the change in the dielectric constant in the vicinity of the dye, and the extent to which thermal agitation of tihe dye is reduced because of binding. Perhaps the most important factor, however, would be the relative orientation of dyes bound to adjacent sites, and the rigidity with which this orientation is maintained. It may be speculated that polymers whose binding sites are free to assume optimal positions for the stacking of dye bound to them will have high stacking coefficients, while those whose binding sites are rigidly held in positions less than optimal will have lower stacking coefficients. DNA, which is presumed to have a rigid two-stranded configuration in solution, has the lowest stacking coefficient observed. Heparin and polyphosphate, which are presumably flexible single stranded coils in solution have the highest stacking coefficients.
There is considerable evidence that Poly A undergoes a change in structure from a single-stranded coil above pH 7 to a rigid, two-stranded helix below pH 5. The stacking coefficient is high at pH 7 but low at pH 5 for Poly A. This gives further support to the idea that a high stacking coefficient corresponds to a flexible arrangement of binding sites, while a low one corresponds to a rigid arrangement, as found in a multistranded helix.
The structure of RNA is the subject of some controversy. Our sample has a stacking coefficient close to that of our sample of DNA, and we may infer that the two polymers have the same degree of molecular rigidity. Work is in progress to determine whether RNA and DNA samples from various biological sources, prepared by different methods, have similar stacking coefficients. Work is also in progress with metachromatic dyes other than AO. It has already been ascertained that the stacking coefficient of RNA, when measured with the dyes acridine yellow and coriphosphine 0, is identical with that determined by means of the binding of AO.
